A simple and rapid analysis of total ascorbic acid (AsA) in serum and plasma and its automated analysis are described. AsA is oxidized by ascorbate oxidase (AsA oxi dase) to dehydroascorbic acid that then reacts with o-phenylenediamine (OPDA) to form a quinoxaline derivative that absorbs at 340nm. The change in absorbance is directly propor tional to the total AsA concentration. The assay was validated with a linear concentration range of 0.8-80mg/L, and the within-day and between-day assays precision did not exceed 8.6% and 12.5%, respectively. On 47 sera, the manual enzymatic procedure gave 0.2 mg/L on average lower values than those of an automated enzymatic procedure with a correla tion coefficient of 0.847. On another 66 sera, results by automated enzymatic method cor related well with the HPLC method and the regression equation is Y (enzymatic, automated)=0.97 X (HPLC)+0.1, r=0.980, Sy.x=0.6mg/L. An experienced analyst can perform about 24 manual assays per hour whereas the automated procedure gave a rate of 100 assays per hour.
Ascorbic acid (AsA) is an important component of many biological systems, and various physiological roles have been described for this vitamin. Usually, vita min C deficiencies can be ascertained by measuring AsA concentrations in plasma or serum (1) . The usual practice is to measure plasma and (or) serum AsA con centrations with a dinitrophenylhydrazine (DNPH) method or by high-performance liquid chromatography (HPLC) method (2) . The DNPH method requires long incubation times and is too labor intensive for routine laboratory use and the HPLC procedure is difficult to automate. Tulley (3) described an automated enzymatic method using ascorbate oxidase (AsA oxidase: EC 1.10.3.3) and o-phenylenediamine (OPDA); however, falsely high AsA values as a result of suppressed calibra tion reaction were often observed in his automated method. He also failed to compare the results with a certified method and to demonstrate its accuracy, preci sion, and sensitivity, particularly at the levels below 4mg/L. The present study was therefore designed to de termine the optimal reaction conditions and analytical performances for the assay of total AsA in serum. Finally, we checked the agreement of the enzymatic method with the established HPLC method. Results Time course of the reaction. The addition of AsA to AsA oxidase caused a rapid increase in absorbance at 340nm, and the addition of OPDA produced a second and much greater increase in absorbance (Fig. 1) . This is why we chose to measure the absorbance change after the addition of OPDA as time zero, and 60s later as the measuring interval in the manual method; a 300-s interval was used in the automated procedure. A mixture of AsA with AsA oxidase solution showed an increase of absorbance with time at 340nm in the ab sence of the OPDA solution; however, after a 1min in cubation in the manual method, the absorbance stabi lized. The change in absorbance at 340nm was directly proportional to the AsA concentrations between ca. 0.8mg/L and 80mg/L. The range of linearity was suffi cient to cover a broad range of AsA concentrations in serum ranging from deficient to greater than normal. Although the changes in absorbance at 340nm of the 10mg/L AsA concentration had a reaction reading of approximately 0.015-0.022 in the manual procedure, a sufficient reproducibility was obtained as mentioned later since the clinical spectrophotometer was now veri fied to minimize baseline drift to less than 0.001 units of absorbance per hour, while the lower detection limit was 5mg/L in the Tulley's procedure.
AsA oxidase concentration. We measured the effect of different concentrations of AsA oxidase on the oxida tion of AsA (Fig. 2) . The 100mg/L of AsA in the reac tion mixture was completely oxidized in 30s by the 80mg/L of AsA oxidase, but only 70% was oxidized by 40mg/L of the enzyme under the same conditions. To assure complete oxidation of AsA to DAsA, we recom mend use of 80mg/L of AsA oxidase (68mg/L in final concentration). We also examined another source of AsA oxidase (Sigma Chemical Co., St. Louis, MO, USA; cucurbita species, 197 units per mg solid, 1,000 units per mg protein of the specific activity), because the spe cific activity of AsA oxidase from Oriental Yeast (cu cumber origin) was not equivalent to that prepared from another source. At 80mg/L, the AsA oxidase from Sigma or Oriental Yeast gave nearly the same results. Tulley, used 1.7mg/L of AsA oxidase in final concentra tion, resulting in incomplete oxidation. OPDA concentration. We determined if varying con centrations of OPDA change the absorbance of DAsA OPDA complex. Because we found that the rate of reac tion at 340nm did not differ for OPDA amounts be tween 250mg to 1,000mg, we recommended the use of 500mg of OPDA in 1,000mL of phosphate buffer (21mg/L in final concentration). Tulley employed 400mg/L of OPDA in final concentration. We found that the calibration reaction was often (but not always) suppressed with the use of more than 200mg/L final concentration of OPDA; however, test reaction (i.e., serum after MPA deproteinization) was not suppressed at all.
MPA/DTT concentrations. We investigated whether excess MPA and/or DTT interfered with the rate of reac tion at 340nm. Serum specimens were mixed with MPA having concentrations between 20% to 80% in the reagent, i.e., 2% to 8% of the concentration in the final reaction mixture. When 20% MPA was used, the pro teins did not precipitate completely, and a clear super natant was not obtained after centrifugation. Because the change in absorbance at 340nm tended to decrease with increasing concentrations of MPA, especially above 80%, we used 40% MPA or 4% in the final reaction mix ture. Discussion DNPH reacts with all AsA derivatives, i.e., AsA, DAsA and diketogulonic acid, whereas the enzymatic method described here reacts solely with DAsA and AsA (4). Because AsA was measured after the conversion of AsA to DAsA, DAsA could not be distinguished from AsA in either enzymatic method. However, Dhariwal et al. (6) and Koshiishi et al. (7) reported that DAsA would not be detected in human plasma or serum, and that DAsA could be formed in specimens processed under oxidizing conditions. Thus both enzymatic methods measure AsA and any DAsA that was spontaneously formed after blood sampling. Although diketogulonic acid, a product of AsA breakdown, could not be reduced to AsA by DTT, our enzymatic method converted 60% of DAsA to AsA, that was stable in acid solutions and the 40% re mainder reacted directly with OPDA. Because the ana lytes measured in our enzymatic method were total AsA, i.e., AsA plus DAsA, we think that the addition of DTT is not required prior to the assay of fresh serum specimens for total AsA analysis. If other specimens are employed, particularly those that have been stored, then inactivity of OPDA with diketogulonic acid should be investigated.
In the manual method described here, the AsA cali brator or the sera plus the MPA/DTT to deproteinize the specimen and reduce the DAsA were incubated for 10min. The AsA oxidase solution was added, the mix ture incubated for 1min to convert all AsA to DAsA, and the OPDA was added immediately thereafter. Five minutes of oxidation was needed in the automated analysis with the Synchron CX7, because increases in absorbance arising in the absence of OPDA interfered with the measurement of AsA (See Fig. 1 ). The in creases in absorbance at 340nm was probably owing to the formation of semidehydroascorbic acid (8) that gen erated a higher rate of reaction in the first 16s in the automated analysis. The same phenomenon most likely also occurred in the manual method but was not ob served by us, because the second measurement of ab sorbance was set at 60s later.
Our enzymatic method required <10min for depro teinization. After the clear supernatant was separated, 24 specimens by the manual procedure and at least 100 by the automated procedure could be determined in 60min. The within-run and between-day impreci sion of the manual procedure were higher than that for the automated procedure, but they did not exceed CV's of 8.2% and 12.5% respectively for the manual method. Our enzymatic deproteinization method was not af fected by hemolysis when the assay was performed im mediately after collection of blood, and good agreement was validated by comparison study with the established HPLC method. Automation should facilitate AsA mea surements with equipment that is available in most routine clinical chemistry laboratories. We cautiously estimated the accuracy of the enzymatic method at the "true" value using the purest source of AsA available , and found recoveries of added AsA to serum pool of about 95%.
